Specificity protein (Sp1) plays an important role in invasionmetastasis cascade. Sp1 regulation on protein coding genes has been extensively investigated; however, little is known about its regulation on protein non-coding genes. In this study, miR-3178 is reported as a novel target of Sp1 in multiple cancer cell models. Sp1 functions as its transcriptional suppressor as evidenced by luciferase reporter and chromatin immunoprecipitation (ChIP) assays. In line with the pro-metastatic role of Sp1, miR-3178 exerts anti-metastasis function. Overexpression of miR-3178 inhibits both migration and invasion of highly metastatic prostate, lung, and breast cancer cells whereas antagonizing miR-3178 promotes those events in their lowly metastatic counterparts. The in vivo study demonstrates that miR-3178 suppresses the tail vein inoculated prostate cancer cells to form colonies in lung, lymph node, and liver of BALB/c nude mice. miR-3178 directly targets the 3 0 UTR of TRIOBP-1 and TRIOBP-5, two isoforms of TRIOBP expressed in prostate, lung, and breast cancer cells. Overexpression of TRIOBP-1 could rescue miR-3178 inhibition on cell migration and invasion. Collectively, our findings reveal the regulatory axis of Sp1/miR-3178/TRIOBP in metastasis cascade. Our results suggest miR-3178 as a promising application to suppress metastasis in Sp1-overexpressed cancers.
INTRODUCTION
Metastasis is one of the most important hallmarks of cancer and accounts for $90% of cancer-associated death. 1 The dissemination of cancer cells from the primary site and forming new colonies in the secondary site involves a multi-step process. The transcriptional factor Sp1 plays an important role in each of the crucial events of metastasis: adhesion; invasion; migration; and angiogenesis. The cell surface adhesive molecule cadherin, 2 epithelial-mesenchymal transition (EMT) drivers such as ZEB1 3 and Snail, 4 and angiogenesis regulators EGFR 5 and VEGFR3 6 are all recognized as Sp1 downstream targets.
Sp1 is ubiquitously expressed and frequently dysregulated in various types of cancers. [7] [8] [9] Sp1 can recognize and bind to the consensus GC-box 5 0 -(G/T)GGGCG G(G/A)(G/A)(G/T)-3 0 of target genes. 10 About 12,000 Sp1 sites are estimated to exist in the human genome. 11 Sp1 regulation on protein coding genes has been extensively investigated; however, little is known about its regulation on protein noncoding genes. As protein non-coding genes account for $97% of the genome, 12 it is necessary to unveil Sp1 regulation on protein non-coding genes.
Recently, microRNAs (miRNAs) were implicated in cancer metastasis and emerged as "metastamir" or metastasis suppressor. 13, 14 miRNAs are small non-coding RNAs with $20 nt in length that can post-transcriptionally regulate the expressions of multiple target genes. Binding of miRNAs to the 3 0 UTR of their target mRNAs results in either translation suppression or mRNA degradation. 15 , 16 In the present study, miR-3178 was reported as a novel target of Sp1. miR-3178 could suppress cancer cell migration and invasion by targeting Trio and F-actin binding protein (TRIOBP) in prostate, lung, and breast cancer models. Our findings reveal the regulatory axis of Sp1/miR-3178/TRIOBP in cancer metastasis.
RESULTS

Sp1 Is a Transcriptional Suppressor of miR-3178
As Sp1 regulates a broad spectrum of genes associated with invasionmetastasis cascade, 4, 17 we were interested to know the SP1 expression pattern in metastatic against primary tumors. Oncomine 18 database was searched and SP1 expression was analyzed in cancer patients with prostate, lung, and breast cancers. Different expressions of SP1 between metastatic and primary tumors were compared, and significant upregulation of SP1 was observed in metastatic prostate (1.2 versus 3.6), lung (1.4 versus 2.7), and breast (0.7 versus 0.9) cancers ( Figure 1A) . Similar results were observed in prostate, lung, and breast cancer cell lines with different metastatic potentials. PC-3M-1E8 and PC-3M-2B4 are highly and lowly metastatic sublines selected from human prostate cancer PC-3M cells, respectively. 19 Highly metastatic Anip973 is developed from lung adenocarcinoma AGZY83-a with lowly metastatic ability. 20 MDA-MB-231 and MCF-7 are two breast cancer cell lines with different metastatic potentials. 21, 22 The expressions of SP1 in highly metastatic 1E8, Anip973, and MDA-MB-231 cells were significantly higher compared with their lowly metastatic counterparts ( Figure 1B ).
We treated prostate cancer cells with authentic proteasome inhibitor bortezomib or celastrol with proteasome inhibitory activity and performed miRNA profiling assay. miR-3178 was scored top 1 or 2 in upregulated miRNAs after both treatments (Figures 2A and 2B ). Treatments with bortezomib or celastrol led to decreased expression of SP1. 23, 24 Our qRT-PCR results confirmed that SP1 was downregu-lated in prostate cancer cells post-bortezomib or celastrol treatment, whereas miR-3178 was upregulated ( Figure 2C ), suggesting a negative relationship. JASPAR and PROMO were used to search for miR-3178 transcription factors, among which Sp1 was scored top 5 (data not shown). Three possible Sp1 binding sites (BSs) were predicted across a 1.5 kb sequence upstream of miR-3178 ( Figure 2D ). Luciferase reporter constructs containing wild-type (WT) miR-3178 promoter sequence or that with mutations at the three predicted BSs (Mut1, Mut2, and Mut3) were generated. Sp1 significantly suppressed the luciferase activity with WT miR-3178 promoter. Mutation in the first two BSs (Mut1 and Mut2) failed to rescue miR-3178 luciferase activity, whereas Mut3 could prevent the loss of luciferase activity of miR-3178 ( Figure 2E ), indicating that Sp1 binds to the BS3 to suppress miR-3178 transcription. Separately, chromatin immunoprecipitation (ChIP) assay was also performed to determine the specific binding of Sp1 to BS3. PC-3M-1E8 cells were fixed by 1% formaldehyde and harvested. Nuclear proteins were isolated and immunoprecipitated by Sp1 or immunoglobulin G (IgG) antibody and then DNA was extracted and amplified using PCR. DNA fragments containing BS3 were specifically amplified (62% of input), further confirming that Sp1 could bind to BS3 ( Figure 2F ). Furthermore, endogenous expression levels of SP1 were found negatively correlated with miR-3178, showing SP1 highly expressed cells had low level of miR-3178 in prostate, lung, and breast cancer cells ( Figure 2G versus Figure 1B ). Ectopic expression of SP1 in lowly metastatic 2B4, AGZY83-a, and MCF7 cells decreased miR-3178 expression by 71%, 46%, and 53%, respectively ( Figure 2H ). These results indicate that Sp1 negatively regulates miR-3178 by binding to its promoter region in prostate, breast, and lung cancer cells.
miR-3178 Inhibits the Migration and Invasion Abilities of Highly Metastatic Cancer Cells
Considering the pro-metastatic function of Sp1 and its negative regulation on miR-3178, we sought to determine whether miR-3178 was a metastasis suppressor. We enhanced miR-3178 expression in highly metastatic cancer cells (1E8, Anip973, and MDA-MB-231; Figure 3A ). Indeed, miR-3178 led to significant suppression on cell mobility, as shown in wound healing assay ( Figure 3B ), and $30% inhibition was observed in the three cell models ( Figure 3C ). In addition, miR-3178 decreased migration and invasion of highly metastatic 1E8, Anip973, and MDA-MB-231 cells compared with control ( Figures 3D and 3E), showing $52%, 32%, and 29% inhibition on migration ( Figure 3D ) and 49%, 35%, and 22% inhibition on invasion in prostate, lung, and breast cancer cells, respectively ( Figure 3E ).
miR-3178 Inhibition Enhances the Migration and Invasion Abilities of Lowly Metastatic Cancer Cells
In lowly metastatic 2B4, AGZY83-a, and MCF7 cancer cells, miR-3178 inhibitor (20 nM) was transfected to reduce miR-3178 expression ( Figure 4A ) and then the migration and invasion abilities were evaluated. MCF7 cells that migrated through the Transwell chamber were increased by $46% after the miR-3178 inhibitor was transfected ( Figure 4B ). An even greater increase of migration ($68%) was www.moleculartherapy.org observed in AGZY83-a cells after miR-3178 inhibition ( Figure 4B ). In addition, the invasion abilities of MCF7 and AGZY83-a cells were also enhanced dramatically (by a 48% and 60% increase, respectively) after miR-3178 inhibitor transfection ( Figure 4C ). Neither migration nor invasion was significantly changed in 2B4 cells after transfection with the same amount of miR-3178 inhibitor (data not shown). As the endogenous level of miR-3178 in 2B4 cells was higher compared with the other two lowly metastatic cancer cells AGZY83-a and MCF7 ( Figure 4A ), a higher concentration of inhibitor (40 nM) was transfected into 2B4 cells to determine its effects on cell invasion and migration. The expression of miR-3178 was decreased by 85% ( Figure 4A ), whereas the migration and invasion abilities of 2B4 cells were increased by 66% and 71%, respectively ( Figures 4B and 4C ). Therefore, a high concentration of miR-3178 inhibitor was sufficient to compete with endogenous miR-3178, causing enhanced invasion and migration in 2B4 cells. The above results demonstrate that miR-3178 inhibition results in increased migration and invasion abilities in lowly metastatic cancer cells.
TRIOBP-5 and TRIOBP-1 Are Targets of miR-3178
TRIOBP is mainly expressed in 3 isoforms, TRIBOP-5, TRIBOP-4, and TRIBOP-1 ( Figure 5A ). 25 Database (TargetScan, miRanda, and miRbase) analysis identified TRIBOP-5 and TRIBOP-1 as the putative targets of miR-3178 because they share the same 3 0 UTR sequences ( Figure 5B ). To confirm that miR-3178 could interact with their 3 0 UTR, luciferase reporter constructs containing TRIOBP 3 0 UTR WT (WT-3 0 UTR) or mutant predicted binding site (MUT-3 0 UTR) ( Figure 5C ) were generated and co-transfected with miR-3178 or control oligos. Luciferase activity of WT-3 0 UTR decreased by 46% with miR-3178 transfection compared with control; however, it remained unchanged in the presence of miR-3178 when the putative binding site was mutated ( Figure 5D ), demonstrating that miR-3178 acted at the 3 0 UTR putative site of TRIOBP-5 and TRIBOP-1.
qRT-PCR using isoform-specific primers ( Figure 5A ) confirmed the regulation of miR-3178 on TRIOBP-5 and TRIOBP-1 in all cell models. TRIOBP-1 was the major isoform expressed in these cells whereas TRIOBP-5 was expressed at much lower level ( Figure 5D ) and TRIOBP-4 was not detected ( Figure 5D ). Furthermore, expressions of TRIOBP-5 and TRIOBP-1 were negatively correlated with endogenous level of miR-3178. Highly metastatic cancer cells (1E8, MDA-MB-231, and Anip973) with low level of miR-3178 showed higher expression levels of TRIOBP-5 and TRIOBP-1 than that in their counterparts with high level of miR-3178 (2B4, MCF7, and AGZY83-a; Figure 5D ). Transfection of miR-3178 into 1E8, MDA-MB-231, and Anip973 cells led to significant decreases on both isoforms compared with control ( Figure 5E ) whereas antagonizing miR-3178 caused dramatic increases of TRIOBP-5 and TRIOBP-1 in low metastatic cells (2B4, MCF7, and AGZY83-a; Figure 5F ). Similar to TRIOBP mRNA alterations, influence of miR-3178 on TRIOBP was also reflected at protein levels ( Figure 5G ). All these results demonstrate that miR-3178 targets TRIOBP-1 and TRIOBP-5 in prostate and lung as well as breast cancer cells.
miR-3178 Inhibits Prostate Cancer Metastasis In Vivo
Whether miR-3178 could suppress metastasis in vivo was determined next. The red fluorescent protein dsRed was introduced into 1E8 cells to trace cancer metastasis. 1E8-dsRed cells with miR-3178 stable expression or control vector were injected into BALB/c nude mice through the tail vein, and metastasis of cancer cells was monitored through dsRed fluorescence ( Figure 6A ). The major sites that cancer cells colonized were lung and axillary nodes, as shown by high fluorescence intensity ( Figures 6B and 6C ). Weak dsRed signal was detected in liver ( Figure 6D ). Compared with control, overexpression of miR-3178 led to significant decrease in fluorescence intensity, showing decrease of 45% in mice body, 27% in lung, and 32% in lymph nodes ( Figure 6E ). Although the fluorescent signals from liver were too weak to calculate, difference could be observed between control and miR-3178 groups ( Figure 6D ). H&E staining revealed extensive metastasis of 1E8 cells to lung, lymph node, and liver in control group, whereas it was significantly suppressed in miR-3178 group ( Figure 6F ). Due to occupancy of prostate cancer cells, the numbers of alveolar cavities were decreased in the control group compared with the miR-3178 overexpressed group ( Figure 6F ). Clear boundaries between tumor and nontumorous regions could be observed in lymph nodes and liver tissue. Prostate cancer cells appeared as crowded and clustered sub-populations with high nuclear/cytoplasmic ratio, enlarged and/or multiple nuclear phase, and tight contact between cells, showing typical characteristics of cancer cells ( Figure 6F ). These metastasis colonies formed by 1E8 cells in lymph node and liver were decreased by miR-3178 compared with control ( Figure 6F ).
Whether miR-3178 exerted anti-metastasis function through its target TRIOBP was determined. TRIOBP-1 has been reported to regulate cytoskeleton organization. 26 Protein structure analysis indicates that the central coiled-coil domain of TRIOBP-1 is responsible for actin binding. 27, 28 Then, we cloned TRIOBP-1, as it was the major isoform in prostate cancer cells. miR-3178 was co-transfected with or without TRIOBP-1 into 1E8 cells. Again, miR-3178 caused significant decrease in TRIOBP-1 protein level ( Figure 6G ) and dramatic reduction on cell migration and invasion (56 ± 4 versus 28 ± 2 and 26 ± 6 versus 9 ± 2, respectively). However, co-transfection of TRIOBP-1 could reverse the effect of miR-3178, showing that both migration and invasion were increased to comparable levels to control ( Figure 6G ). These results demonstrate that TRIOBP-1 protein serves as the downstream target of miR-3178, and miR-3178 exerts its (Mut1-3) were indicated by blank and italic dash, respectively. NS, non-significant difference. (F) ChIP assay is shown. DNA was immunoprecipitated with anti-IgG or anti-Sp1 antibody and amplified by PCR using primer specific for BS3. Input chromatin before immunoprecipitation was used as control. Experiments were repeated three times, and results were shown as mean ± SD in the lower panel. anti-metastasis function at least partially through inhibiting TRIOBP-1 expression.
DISCUSSION
Sp1 is ubiquitously expressed and dysregulated in various cancers. About 12,000 Sp1 sites are estimated existing in human genome; among them, Sp1 regulation on protein coding genes has been extensively investigated, 4 , 29 , 30 whereas its regulation on non-protein coding genes was less studied. Recently, few studies explored Sp1 regulation on miRNAs. For example, Sp1 activated miR-19a, which could decrease RHOB and promote pancreatic cancer progression, 31 and Sp1 could also increase miR-182 expression and enhance invasive and migratory abilities of lung cancer cell lines; 32 besides, Sp1 could transactivate miR-520d-5p by binding to its upstream promoter region. 33 In addition, Sp1 and miR-22 were found negatively regulating each other in colorectal cancer. 34 In the present study, miR-3178 was reported as a novel target of Sp1. Luciferase activity assay showed that Sp1 could suppress the promoter activity of miR-3178. The promoter of miR-3178 harbored three predicted Sp1 binding sites, among which the third binding site (BS3) was responsible for Sp1-mediated transcription suppression. Mutation of BS3 could rescue Sp1 suppression on miR-3178 transcription, and ChIP assay confirmed the specific binding of Sp1 to BS3 (Figures 2E and 2F ). In addition, endogenous expression level of SP1 was also negatively correlated with miR-3178 and overexpression of SP1 resulted in downregulation of miR-3178 in prostate, lung, and breast cancer cells. We noticed a 2-fold higher expression of SP1, whereas almost 10-fold lower expression of miR-3178 was detected in Anip973 than that in AGZY83-a cells ( Figure 1B ), suggesting that miR-3178 might also be regulated by other factors in addition to Sp1 in these two lung cancer cell lines. Snail, which is upregulated in Anip973 cells compared with AGZY83-a, 35 was also predicted to regulate miR-3178. In addition, KLF4, MEF2C, GLI2, and Sharp1 (also named BHLHE41 or DEC2), along with Sp1, were listed as the top 5 predicted transcriptional factors of miR-3178. GLI2 can promote migration and invasion of osteosarcoma cells. 36 Overexpression of KLF4 leads to reduction on migration and invasion of cancer cells. 37 As a metastasis suppressor, 38 Sharp1 competes with Sp1 for the binding to Twist1 promoter region and suppresses Twist1 transcription acitivity. 39 These metastasis regulators might also contribute to miR-3178 regulation in highly metastatic Anip973 cells.
Downregulation of miR-3178 was detected in patients with positive lymphatic metastasis of the primary gastric tumor, 40 suggesting that it might contribute to suppression of gastric cancer to lymphatic metastasis. Subsequent observation linked this miRNA to suppression of invasion and angiogenesis in hepatocellular carcinoma in vitro. 41 In contrast to these observations, miR-3178 was found upregulated specifically in liver metastasis of colorectal cancer tissues rather than in primary tumors. 42 Our results clearly demonstrate that miR-3178 is a metastasis suppressor in the tested cancer cell models. First, miR-3178 expression was significantly decreased in cancer cell lines with highly metastatic capacity compared with their lowly metastatic counterparts. Second, using gain-and loss-of-function approaches, we showed that upregulation of miR-3178 suppressed whereas downregulation of miR-3178 promoted both migration and invasion abilities of cancer cells. Most importantly, in vivo study confirmed the anti-metastasis function of miR-3178, showing that miR-3178 decreased the metastasis of prostate cancer cells to lymph nodes, lung, as well as liver. Moreover, according to data from Oncomine database, metastatic prostate, lung, or breast cancer expressed higher levels of SP1 compared with the primary tumors they were derived from. This observation is in accordance with the anti-metastasis function of miR-3178, as Sp1 was shown to be a transcription suppressor of miR-3178. The discrepancy between our finding and recent observation showing that miR-3178 was upregulated in liver metastatic colorectal tissues versus non-tumoral tissues might be caused by different cancer types or the highly heterogeneous property within certain types of cancer. Therefore, the expression levels of miR-3178 in metastatic versus primary prostate, lung, or breast cancer samples need to be determined in the future. This is the limitation of our current study.
MicroRNAs mediate intracellular effects by targeting multiple protein coding genes through binding to the 3 0 UTR regions. In this study, TRIOBP was found to be the downstream target for miR-3178 to mediate anti-metastasis function. TRIOBP is an actin-bundling protein that is classified into three alternative splicing isoforms, the long isoform TRIOBP-5 and two shorter isoforms, TRIOBP-4 and TRIOBP-1 (also named Tara). TRIOBP-1 is ubiquitously expressed, whereas TRIOBP-4 and TRIOBP-5 are predominantly expressed in the inner ear and the retina of normal adults. 27 In pancreatic cancer cells, TRIOBP-4 and TRIOBP-5 were reported upregulated and knockdown of TRIOBP-4 and TRIOBP-5 inhibited the filopodial formation and motility of pancreatic cancer cells. 43 TRIOBP-4 was also detected in other human cancer cell lines, such as HeLa. 44 However, it was not detected in the prostate, lung, and breast cancer cell lines tested in this study. TRIOBP-5 was marginally detected, whereas TRIOBP-1 was the major isoform expressed in those cells ( Figures  5D and 5G ). Luciferase reporter assay indicated that miR-3178 could bind to the 3 0 UTR of TRIOBP-1, which is shared by TRIOBP-5, causing decrease in luciferase activity. Moreover, miR-3178 could target TRIOBP-1 for mediating anti-metastasis in cancers. miR-3178 overexpression caused decrease of TRIOBP-1 in highly metastatic cancer cell lines, whereas inhibition of miR-3178 led to increase of TRIOBP-1 in lowly metastatic cancer cell lines ( Figures 5E-5G ). TRIOBP-1 regulates cytoskeleton organization by stabilizing F-actin, thus promoting cell spreading. 27 It also decreases E-cadherin expression. 45 Ectopic expression of TRIOBP-1 could rescue miR-3178 inhibition on both cell migration and invasion, demonstrating that TRIOBP-1 is the major downstream target of miR-3178, inhibition of which contributes to suppression of cancer metastasis ( Figure 6G ).
In summary, we reveal the role of Sp1/miR-3178/TRIOBP axis in metastasis regulation of prostate, lung, and breast cancer cells. Our results demonstrate the anti-metastasis function of miR-3178 in multiple cancer models, providing a possibility of suppressing metastasis through enhancement of miR-3178 expression in Sp1 overexpressed cancers.
MATERIALS AND METHODS
Cell Culture
Human prostate cancer cell lines PC-3M-1E8 and PC-3M-2B4 were from Dr. Xiaoguang Yu (Harbin Medical University, Harbin, China). Human lung adenocarcinoma AGZY83-a and Anip973 were gifts from Dr. Li Yu (Harbin Institute of Technology, Harbin, China). Human breast cancer cell lines MDA-MB-231 and MCF7 were obtained from Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were cultured at 37 C in a humidified atmosphere of 5% CO 2 and 95% air in RPMI 1640 (for prostate and lung cancer cells) or DMEM (for breast cancer cells) supplemented with 10% fetal bovine serum (Gibco-BRL, Grand Island, NY, USA).
Primers and Oligos
Primers used in all experiments were synthesized at Comate Biosciences (Jilin, China), and miR-3178 mimics and according inhibitors were purchased from Ribio Company (Guangzhou, China). Specific primers for TRIOBP-1, TRIOBP-4, and TRIOBP-5 were designed with reference. 43 The primer and oligo sequences are listed in Table 1 .
Real-Time qPCR
Total RNA (1.0 mg) was extracted using TRIzol reagent (Thermo Fisher, Waltham, MA, USA) and used to synthesize cDNA with EasyScript First-Strand cDNA Synthesis SuperMix (Transgen, Beijing, China). qPCR was performed using SYBR Premix Ex Taq II (Takara, Otsu, Shiga, Japan).
Plasmid Construction and Cell Transfection
DNA fragment of miR-3178 stem-loop sequence was amplified by PCR from human genome DNA, cloned into pcDNA3.1 or pdsRed2-C1 vector at sites between EcoRI and XhoI (Takara, Otsu, Shiga, Japan). The fragment of TRIOBP 3 0 UTR was amplified and cloned into pMIR-REPORT vector between EcoRI and BamHI (Takara, Otsu, Shiga, Japan).
Cell transfection was performed using Lipofectamine 2000 (Thermo Fisher, Waltham, MA, USA) following the manufacturer's instructions. For stable transfection, pdsRed2-C1 or pdsRed2-C1-miR-3178 vector was transfected into PC-3M-1E8 cells. G418 (600 mg/mL) was used for stable colonies selection.
Microarray
LNCaP cells were treated with 100 nM of bortezomib or 2.5 mM of celastrol for 12 hr, and total RNA was extracted using TRIzol reagent following protocol described above. Microarray was performed on Affymetrix GeneChip 3000 TG System (Tianjin Biochip, Tianjin, China) using biotin as probe, and results were analyzed by Partek GS software. The raw data have been deposited in ArrayExpress: E-MTAB-6215.
Western Blotting
Whole-cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer containing 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.8% Triton X-100, and protease inhibitor cocktail (Roche, Mannheim, Germany). Western blotting was performed as described previously. 46 Wound Healing Assay Cells (3 Â 10 5 per well) were seeded in 6-well plate and starved in serum-free medium for 24 hr and then the linear wound of cell monolayer was created by scratching confluent cells using a plastic pipette tip. The scratched cells were washed with PBS to remove debris, and the remaining cells were photographed after 48-hr incubation at 37 C.
Transwell Assay
Cell migration assay was performed using Transwell chambers with an 8-mm-pore-sized polycarbonate filter membrane (Corning Costar, Cambridge, MA, USA). Cells were trypsinized and resuspended in serum-free medium. Upper wells were filled with cell suspensions Figure 5 . miR-3178 Inhibits TRIOBP (A) Schematic mRNA structure of TRIOBP. T5, T4, and T1 represent amplification region by primers specific for TRIOBP-5, TRIOBP-4, and TRIOBP-1, respectively. Black box, open reading frame; lines, 5 0 and 3 0 UTR. (B and C) Luciferase reporter assay is shown. Luciferase reporter constructs containing TRIOBP 3 0 UTR wild-type (WT-3 0 UTR) or mutant predicted binding site (MUT-3 0 UTR) were generated (B) and co-transfected with pcDNA3.1-miR-3178 (miR-3178) or empty vector (V) for 24 hr and then luciferase activity was determined (C). (D) Expression of TRIOBP in prostate, lung, and breast cancer cells is shown. UD, undetected. (E-G) miR-3178 inhibits TRIOBP mRNA and protein expression. Highly metastatic cancer cells (1E8, MDA-MB-231, and Anip973) were transfected with miR-3178 mimics (miR-3178) whereas lowly metastatic cancer cells (2B4, AGZY83-a, and MCF7) were transfected with miR-3178 inhibitor (inhibitor) for 24 hr, followed by qRT-PCR (E and F) and western blotting (G). Ctrl, control. All experiments were repeated three times, and results were shown as mean ± SD. *p < 0.05 and **p < 0.01.
in serum-free medium, and lower wells were filled with medium containing 10% fetal bovine serum. After incubation for 48 hr at 37 C with 5% CO 2 , the lower side of filter membrane was fixed with methanol and stained with crystal violet (Sinopharm Chemical Reagent, Shanghai, China). The migrated cells were counted under microscope and quantified by ImageJ software (NIH, Bethesda, MD, USA).
Luciferase Reporter Assay
Cells were seeded into 24-well plate (1 Â 10 5 cells per well). After attachment, 0.3 mg of pcDNA3.1-miR-3178 was co-transfected, with 0.3 mg of pMIR-WT-3 0 UTR or pMIR-MUT-3 0 UTR in the presence of 0.03 mg of pRLSV40, into cells for 48 hr. Luciferase activities were assessed by dual-luciferase reporter assay system (Promega, Fitchburg, WI, USA).
In Vivo Study
BALB/c nude mice aged at 4 weeks were obtained from Cavens Lab Animal Company (Jiangsu, China). All mice were housed and manip-ulated with humanistic care according to the protocols approved by Medical Experimental Animal Care Commission of Harbin Institute of Technology. The cells (2 Â 10 6 ) were injected through the tail vein. Mice were sacrificed, and fluorescence signals were measured 7 weeks later. Lung, liver, and lymph nodes were fixed in 10% formalin for 48 hr and then embedded in paraffin. The tissues were sectioned at 7-mm thickness and then H&E staining was performed as previous description. 47 
ChIP Assay
ChIP assay was performed according to previous description. 48 Briefly, about 1 Â 10 7 PC-3M-1E8 cells were first fixed in 1% formaldehyde for 10 min at 37 C. Then, fixed cells were harvested and lysed with dounce homogenizer. Nuclei were collected and resuspended in hypotonic buffer (10 mM HEPES, 1.5 mM MgCl 2 , and 10 mM KCl). The nuclei were sonicated to an average DNA length of 200-1,000 bp. The sheared DNA solution was precleared by adding 60 mL of protein A/G Sepharose beads (MedChem Express, Monmouth Junction, Figure 6 . miR-3178 Inhibits Cancer Cell Metastasis In Vivo (A-E) Metastasis detection by fluorescence signals. 1E8 cells stably expressing miR-3178 and dsRed fluorescent protein were injected into BALB/c nude mice (n = 9) through tail vein (2 Â 10 6 per inoculation). Mice were sacrificed after 7 weeks, and fluorescence signals of whole body (A) and specific organs (B, lung; C, lymph node; D, liver) were detected and analyzed (E). (F) H&E staining is shown. Arrowheads indicate cancer metastasis foci. The scale bar represents 4Â, 2 mm; 10Â, 500 mm; and 40Â, 200 mm. (G) 1E8 cells were co-transfected with miR-3178 and pCNDA3.1-TRIOBP-1 (TRIOBP-1) or control vector (Ctrl) for 24 hr, followed by western blotting and Transwell assays. *p < 0.05 and **p < 0.01. NJ, USA) and shaken at 4 C for 1 hr. Precleared solution was then incubated with 2 mg of Sp1 or IgG antibody (Proteintech, Rosemont, IL, USA) at 4 C for 2 hr, followed by incubation of protein A/G Sepharose beads at 4 C for 1 hr. Then, the immune complexes were collected and cross-links were reversed by adding NaCl to a final concentration of 200 mM and incubation at 65 C for 4 hr. DNA was extracted using phenol-chloroform and analyzed by PCR. The sequences of PCR primers are listed in Table 1 .
Statistical Analysis
Microsoft Excel software was used for data statistical analysis. Results were described as mean ± SD. Statistical significance between two groups was determined with Student's t test. 
